Abstract. Starting with separated atoms on the surface of helium clusters 4 HeN, and as a first step to assess the formation of rubidium dimers Rb2 in the triplet state, we perform Path Integral Molecular Dynamics simulations in the NVT canonical ensemble. Based on an accurate potential energy surface (PES) for the He-Rb2( 3 Σ
Introduction
Nanodroplets of 4 He and/or 3 He of different sizes constitute an ideal spectroscopic environment where different quantum systems can be studied in detail showing properties which are fairly different from those provided by a thin film or a bulk liquid. Thus, these nanodrops create an environment that very efficiently acts as a "quantum matrix", where it becomes possible to store a broad variety of molecular dopants, neutral or anionic, which can in turn be investigated by electronic or infrared spectroscopy [1] [2] [3] [4] [5] [6] [7] . The success of such probing comes from the very weak perturbation caused by the solvent He atoms which are able to gently adapt themselves in the vicinity of the molecular dopant, thereby creating a very flexible and low-T solvent (about 0.5 K for bosonic droplets) which allows the detailed study of even fairly complex systems [8] [9] [10] [11] . The solvation process of an atomic or molecular impurity in helium drops depends on the competition between two different interaction networks: He-impurity and He-He. If the former dominates over the latter the dopant is likely to penetrate the rare gas cluster, while if the contrary occurs, then it tends to reside outside it. Attraction between any two helium atoms is indeed very weak (only ∼ 8 cm −1 ) due to the Pauli repulsion and thus weaker than most of the He-dopant interactions. However, there are doping species exhibiting an even larger Pauli repulsion and the He-impurity potentials are smaller than those between adatoms: this is the case of the alkali atoms [12] . Their dimers behave in the same way and have been extensively studied by the groups of Ernst and Stienkemeier:
Send offprint requests to: p.villarreal@csic.es predictions for the observation of KRb spectra under cold conditions [13] , Helium Nanodroplet Isolation (HENDI) experiments [14] in which the species to study are captured by a beam of helium clusters in a low-pressure pick-up cell, applied to Na 2 [15] , or more recent works like the reinvestigation of the Rb 2 (2)
3 Π g -a 3 Σ + u band [16] , and wave packet dynamics of alkali dimers [17] , for instance. The general conclusion is that the diatom is placed in a dimple on the surface of the helium nanodroplet, which causes slight modifications in the spectroscopic properties of the impurity [18] .
In addition, high-spin alkali dimers have attracted during the last decade considerable attention by both experiment and theory, mainly due to their role in producing samples of cold molecules [19] . Translationally cold alkalimetal molecules have been produced by indirect techniques, such as photoassociation [20, 21] or association via magnetically tuned Feshbach resonances [22, 23] . The molecules are usually produced in weakly bound states corresponding to high vibrational excitations, and various schemes are proposed to obtain rovibrational ground state molecules [24, 25] . Among alkali metals earlier studies have focused on heteronuclear and homonuclear mixtures of the lighter species, Li, Na, and K, more recently on the heavier Rb and Cs molecules [26] , while currently have extended to ultracold polar alkali-alkali earth molecules [27, 28] . Indeed, rubidium dimers in their lowest triplet state have been formed on the surface of cold helium droplets [29] , as it is expected due to the very weak high-spin alkali dimers and helium atoms interaction, and since then their dynamics have been extensively studied (see Refs. [30] [31] [32] ). As it has been observed earlier on, in experiments with alkali doped clusters [33] the alkali metal atoms remain on the helium surface, where they can skate, forming cold molecules through collisions [29, 34] . In general, such collisions lead preferentially to high spin (triplet) state alkali dimers [29, 16] , as the binding energy that is released during the collision is larger for the low spin (singlet) state for which the subsequent evaporation of the droplet could be significant. In fact, singlet states, with a stronger bond, may cause either the desorption of the alkali molecule or the complete evaporation of small helium clusters, and thus, triplet-state alkali dimers were selectively produced [14] .
Recently, we addressed the collisional formation of rubidium dimers in the presence of just one helium atom [35] to analyze the feasibility of the skating mechanism mentioned above. Estimations of reactive probabilities for the collisional process 87 Rb + 87 Rb n He→Rb 2 ( 3 Σ + u , v) + n He, n=3,4, were carried out using the best available threedimensional (3D) PES of the trimer [36] which exhibits the proper long range behavior. The result was that at ultralow collisional energies the process is highly efficient, the rubidium dimer being formed at high vibrational excitations. Also, Path Integral Monte Carlo (PIMC) calculations have been already performed in our group for different species attached to bosonic helium clusters of variable size, see for a recent review Ref. [37] . For alkali dimers assumed to be rigid rotors, the case of Cs 2 ( 3 Σ + u ) [38] , and also Rb 2 ( 3 Σ + u , v) [39, 40] were studied using the mentioned methodology.
In this paper we additionally include the vibrations of the rubidium dimer in its triplet state, starting with separated atoms on the surface of bosonic helium clusters, by resorting to Path Integral Molecular Dynamics (PIMD) simulations in the NVT canonical ensemble. At a temperature of 2 K, which is low enough to be representative but not so low as to have to include explicitly the exchange symmetry of helium atoms [40] , we have considered several cluster sizes. Based on the accurate He-Rb 2 ( 3 Σ + u ) interaction [36] , and using the semi-empirical form He-He [41] , the total PES is described as the addition of pair-wise He-Rb, Rb-Rb and He-He analytic interactions. To reproduce the actual motions of the particles, additional PIMD calculations in the NVE micro-canonical ensemble are planned in a future work. The paper is structured as follows: the computational method is explained in Section 2; results are discussed in Section 3 and finally conclusions are shown in Section 4.
Computational method and details

Potential Energy
For pure He clusters the potential energy is represented by the simple addition of He-He interactions, i<j V He i −Hej , while for a He N -Rb 2 ( 3 Σ + u ) aggregate, the full interaction is described as the previous one plus the He-Rb 2 interactions,
Guillon et al. [36] performed accurate ab initio 3D calculations on the He-Rb 2 ( 3 Σ + u ) triatomic system. The PES describing the interaction of helium with the rubidium dimer in its 3 Σ + u state is decomposed as the sum of twobody (2B) potentials plus a three-body (3B) interaction depending on the three inter-atomic distances:
In Ref. [36] , each term of Eq. (2) is fitted using a reproducing kernel Hilbert space (RKHS) method [42] . Albeit this method is highly accurate, in order to speed up the present calculations, we have resorted to represent the 2B terms analytically via
while the 3B portion becomes negligible except at very short distances and can be safely ignored. In Eq. (3),
describing the inner part and the well region, C n , n = 6, 8, 10, are the long-range coefficients , and
is a matching function, that connects smoothly the two ranges. The parameters for the analytic description of the Rb-He and triplet Rb-Rb interactions are listed in TABLE I of Ref. [35] . In turn, the He-He interaction is represented by the analytic form of Aziz and Slaman [41] . These pairwise interactions are plotted in Fig. 1 , where the He-He and Rb-He potentials have been multiplied by a factor 10.
As can be realized, the Rb-He interaction is even weaker and its equilibrium distance longer than that of He-He. This is a clear signal of the heliophobic character of rubidium. In order to avoid spurious evaporation of He atoms, and also to force the rubidium atoms to encounter each to the other, an effective confinement has been included. This consists in replacing from a given distance r c the long range form of the corresponding He-He (Rb-Rb) potential by an exponential increasing function A + Be 2(r−rc) keeping the potential and its derivative at that point. Values of r c = 20(15)Å, A =-1.2742x10 −4 (-2.8389) cm −1 , and B=1.6653x10 −5 (0.4955) cm −1 were used for the He-He (Rb-Rb) interaction.
PIMD simulation
When used to calculate static equilibrium properties in the NVT ensemble, PIMD provides an approximate description of the effect of the quantum fluctuations of the nuclei for a given potential energy model.The path integral calculation can be thermostatted through several schemes as described in Ref. [43] . In turn, the Ring Polymer Molecular Dynamics [44] (RPMD) approach to get approximate quantum dynamics is defined as evolving under the same choice of Hamiltonian as for the PIMD implementation but with no thermostats turned on. The dynamics generated from these NVE trajectories will now be RPMD dynamics. However, due to the ergodicity problems associated with the path integral Hamiltonian one must launch trajectories from many different choices of the initial momenta i.e. do a NVT thermostatted PIMD run and then launch lots of NVE RPMD trajectories from the configurations generated. As mentioned above, we restrict ourselves in this work to the first issue, i.e. to thermostatted NVT simulations, using the i-PI open code of Ceriotti et al. [45] . Instead of performing on fly ab initio calculations, a capability included in i-PI, and in order to speed up the calculations, we used the analytic potential model above described. Based on the simple, white noise, Langevin thermostat, we use the local version of the path integral Langevin equation (PILE-L) stochastic thermostatting scheme [43] with a unique input parameter τ 0 , the thermostat time constant for the centroid mode, which defines the friction coefficient γ (0) = 1/τ 0 . For a temperature of 2 K a value of τ 0 = 100 fs was considered along the simulations. Using a large simulation cubic cell (side=95Å), we do not need to incorporate barostats as the pressure ever remains close to zero. A time interval ∆t = 10 fs was chosen to be of the order of 1/10 times the smallest period in the physical system (∼ 150 fs, corresponding to the maximum kinetic energy of the Rb 2 partner ∼ 223 cm −1 , see the well in Fig. 1) , and the quality of the simulation was controlled through the so-called effective energy [46] in addition to the temperature. The former is kept within a variation of ∼ 7 cm −1 , while the latter oscillates around 2 K within 0.1 K. The number of beads M in the extended system (ring polymer) necessary to correctly describe quantum effects was checked for the most exigent part of the physical system, i.e., pure helium aggregates by resorting to an extrapolation of the binding energy as a function of 1/M [47] . For pure He clusters the initial configurations were those produced by an evolutive algorithm [38] , while for rubidium doped clusters we simply started with the same configuration for helium atoms and placing on the surface at a distance of ∼ 8Å the rubidium atoms. The initial velocities in all the cases were generated from a MaxwellBoltzmann distribution at the given temperature.
Results
For pure He clusters at T = 2 K we present in Fig. 2 a study of convergence of energy in terms of the number of beads M considered to describe quantum effects of each particle. Although the energies themselves present high dispersion (from ∼ 30 cm −1 for N = 40 to ∼ 50 cm −1 for N = 70), see Table 1 below, the mean energy values follow accurately a quadratic law [47] 
2 in such a way that the limiting c values as M → ∞ become representative. In particular, the value obtained for the case N = 70 of -48.5 ± 1.1 cm −1 , indicated in the figure, is in extremely good agreement with the PIMC result reported by Boronat et al. [48] . As it occurs with the energy, we do not expect large variations in the different distributions when going from M = 200 to the limit M → ∞, so all the results reported here on correspond to that value.
In Table 1 we list mean energy values and deviations for the different aggregates considered. They were obtained after long thermostatted PIMD simulations at a temperature of 2 K using M = 200 beads. The listed values correspond to an initial Rb-Rb distance of 13.1Å. In spite of the large deviations, the results are representative enough. Thus, for pure helium clusters, one sees that for N < 70 they do not exist. Moreover, for doped clusters, the corresponding energy should be lower than the addition of the separated species to be bound. Taking into account that the PIMD mean energy for the isolated rubidium dimer at 2 K is -216 cm −1 , we realize that the doped clusters with N < 60 hardly can be considered as bound, something already pointed out for the N = 40 case [40] . However, the case of N = 60 is paradigmatic as shows the "glue" effect [39] produced by the presence of rubidium: the pure helium aggregate does not exist, but the doped one does exist. For Rb 2 He 70 Fig.3 displays the evolution of the energy as function of the time of the simulation involving typically 150,000 steps. Placing the Rb atoms on the surface of the He cluster, two different initial distances RbRb (13.1 and 16.2Å) have been considered. The first one (blue) is referred to the right y-axis, while the second one (red) is referred to the left y-axis. In spite of the large dispersion, two distinct regimes are explored in both cases: the first one, before the jump, corresponds to almost non-interacting Rb 2 , while the second, after the sudden jump, corresponds to the formation of Rb 2 whose distance oscillates around 6.1Å. The evolution can be nicely fitted to an hyperbolic tangent behavior,
, where a and b are the upper and lower constant energies, respectively, t c is the time when the jump is produced and ǫ relates to the "velocity" of formation of the rubidium dimer. One does not expect a coincidence of all the variables as they correspond, in principle, to two different situations. However, is remarkable that the b value becomes pretty close: ∼ −275 and ∼ −279 cm −1 for the smaller initial distance and the longer one, respectively. In addition , the values of the ǫ parameter are not very different: 0.08 and 0.09 ps −1 , respectively. Therefore, the initial placement of the Rb atoms has minor effects in the final results.
Here on we consider the doped cluster containing N = 70 helium atoms with an initial distance Rb-Rb of 13.1 A, and the positions of the particles are those of the corresponding centroids. An histogram of the explored distances Rb-Rb along the whole simulation is depicted in Fig. 4 . The two different peaks correspond to the two regimes already mentioned: the broad feature placed at longer distances is related to the region of upper energy in Fig. 2 , and the peak centered at 6.1Å, the Rb 2 equilibrium distance (see Fig. 1 ) corresponds to the formation of the dimer. Of course, by doing the histogram only from the later part of the simulation, there would appear only this last feature. The intermediate region between the two peaks is almost unpopulated, according to the sudden jump shown by the energy in the precedent figure.
Note that, in spite of the initial distance Rb-Rb considered, some longer distances are explored, indicating that the Rb atoms initially separate. Therefore, the confinement imposed through the potential as mentioned at the end of 2.1 is crucial to get formation of dimers. As a manifestation of the heliophobic character of rubidium dimer, the distance between the center of mass of Rb 2 (CM) and the center of mass of the helium atoms (CM') oscillates within the interval 9-12Å, i.e., never gets close to zero in such a way that the dopant remains outside the helium cluster. Calling θ the angle formed by the Rb-Rb vector and the vector going from CM to CM', Fig. 5 depicts the distribution of cosθ along the simulation for the same cluster. Although a small asymmetry can be detected, the distribution peaked near cosθ=0 clearly reflects that the rubidium dimer is mainly rotating on a plane parallel to the surface of the helium cluster, with a small out-of-plane contribution (hindered rotation) due to the presence of the surrounding He atoms [40] . A more intuitive insight about the relative placement of the helium atoms with respect to the rubidium dimer is displayed in the 3D plot of Fig. 6 , where cylinder coordinates (r,z) are used. Here, the z axis is in the direction of the rubidium bond, being zero at CM, and r is the distance in perpendicular to z. The final position of the two rubidium atoms, at a distance of ∼ 6.1Å, is added to the figure as small cir- cles. A clear distortion of the He cluster, which initially is quasi-spherical, appears as a consequence of the presence of the rubidium dimer, that creates two dimples almost symmetric manifesting a nodding (out-of-plane rotation) which pushes He atoms outside that region.
Conclusions
As a first step to study the reactivity of Rb atoms on the surface of helium clusters to form dimers, pure helium bosonic clusters containing up to 70 atoms, and doped with a Rb 2 molecule in the triplet state, initially very elongated, have been studied through thermostatted PIMD simulations in the NVT ensemble using the open i-PI code [45] . Initial configurations for the pure clusters were determined by using an evolutive algorithm [38] . Energies and different distributions were determined, confirming the main conclusions already reached by means of PIMC simulations [40] on similar complexes where the rubidium dimer was considered as a rigid rotor. Since these simulations do not describe real time evolution of the particles, and in order to assess the actual reactivity of Rb atoms, it is planned to launch lots of NVE RPMD trajectories from the configurations generated in this PIMD simulations by switching off the thermostat. Work in this direction is presently in progress.
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